A sensitive, specific and rapid ultra-performance liquid chromatography tandem mass spectrometry method (UPLC-MS/MS) was developed for simultaneous determination of three main alkaloids (daucicoline, daurisoline, dauricine) in rat plasma, urine and feces after oral administration of menispermi rhizoma capsules.
Introduction
Menispermi rhizoma (MR), called beidougen in Chinese, is prepared from the dried rhizome of Menispermum dauricum DC (Menispermaceae). MR is one of traditional Chinese medicines and widely used because of its denite therapeutic effect on sore throat, dysentery and rheumatoid arthralgia. 1 In order to promote the clinical application, MR capsules have been developed and included in the Chinese Pharmacopoeia. 2 With the alkaloid extract of MR as the main material, MR capsules, with the functions of clearing away heat and toxic material, antitussive and expectorant effects, is widely used to treat sore throat, tonsillitis, chronic bronchitis and so on. The previous phytochemical and pharmacological reports on the alkaloid of MR indicated that alkaloids were the major effective constituents responsible for the bioactivities, such as anti-inammation, 3 anti-arrhythmia, 4 anti-bacterial, 5 anti-tumor, 6 platelet aggregation inhibition, 7 neuroprotection 8 and protection of concurrent myocardial-cerebral ischemia/reperfusion injury.
9-11
Previous investigations of MR capsules revealed that daucicoline, daurisoline and dauricine were generally considered as the most abundant components responsible which were representative physiologically active alkaloids. 12 Having an activity against blood platelet aggregation induced by adenosine 5 0 -diphosphate, 13 these three compounds have been demonstrated to have signicant effects on inhibiting blood platelet aggregation, arrhythmias, and tumors. The antiarrhythmic effects of dauricine and daurisoline have been veried in different experimental arrhythmic models and used in cardiac arrhythmia patients.
14 Dauricine blocked the cardiac transmembrane Na + , K + and Ca 2+ ion currents, which exhibited a reverse use-dependent effect. 15 Daurisoline has been found to prolong the duration of the cardiac action potential in a normal use dependent manner, and its direct effect was investigated on the human ether-a-go-go-related gene current and the expression of mRNA and protein in human embryonic kidney 293 cells stably expressed the human ether-a-go-go-related gene channel. 16 The anti-arrhythmic effect of daurisoline was more potent than that of dauricine. 15 Dauricine was also reported to inhibit human breast cancer angiogenesis by suppressing hypoxia-inducible factor-1a protein accumulation and vascular endothelial growth factor expression. 17 Up to now, much research on MR capsules has been conducted in the elds of pharmacology and quality control.
However, although the MR capsules demonstrated various pharmacological activities, information regarding the in vivo fate of the MA capsules still remains scarce. This is a great obstacle to its further pharmacological studies, clinically safe medication administration and quality evaluation. 20 As is known, pharmacokinetic study is important for illustrating the action mechanism, druggability, target organs and the rst-pass effect on gastrointestinal tract/liver of the active compounds. 21 Furthermore proper knowledge on the excretion of the drug is essential to investigate and interpret the in vivo dispersion. 22 Therefore, evaluation of the pharmacokinetic and excretion research of the alkaloids in MR capsules is required to determine its efficacy and safety considerations in clinical applications.
Several analytical techniques, such as high performance liquid chromatography (HPLC) coupled with ultraviolet detection (UV), diode array detection (DAD) and evaporative light scatting detectors, uorescence detection, and highperformance capillary electrophoresis, have been used to quantify the active ingredients in biological samples. They were insufficient in terms of sensitivity and specicity for pharmacokinetic and excretion studies. 23 Increasing evidence proved that liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) has become the most efficient way for analysing various bio-samples with high sensitivity and selectivity. 24 In this study, an ultra-performance liquid chromatography -electrospray ionization -tandem mass spectrometry method (UPLC-ESI-MS/MS) method was developed to investigate the pharmacokinetics and excretion of dauricine, daurisoline, daucicoline of MR capsules in rats, and no one has studied MR capsules with this technique before. It is expected that the results will provide helpful information to further determine the action mechanism, safety evaluation and clinical application of MR capsules.
Experimental

Chemicals and materials
Dauricine, daurisoline and daucicoline were isolated and puried from MR in the laboratory. Their structures were identied using MS, proton nuclear magnetic resonance spectrometry ( 1 H-NMR) and 13 C-NMR data. 
Animals
Male Sprague-Dawley (SD) rats, weighing 260 AE 20 g, were obtained from the Experimental Animal Center of Shenyang Pharmaceutical University (Shenyang, China, SYXK-liao-2014-0004). Animals were bred in a breeding room with temperature of 25 C, humidity of 55-60%, and a dark-light cycle. All the rats were housed under the conditions mentioned previously for one week for acclimation, and were then were fasted for 12 h, with free access to water, overnight before the experiments.
LC-MS/MS instruments and analytical conditions
The ACQUITY UPLC® system (Waters Corp., Milford, MA, USA) was equipped with a cooling autosampler and a column oven enabling temperature control. Mass spectrometric detection was performed using a Waters Xevo TQ-S tandem quadrupole mass spectrometer (Waters Micromass MS Technologies, Manchester, UK). A UNIFI™ data system (Waters) was used to control the UPLC-MS/MS system and for data acquisition and processing.
Chromatographic separation was performed on a Waters ACQUITY UPLC® ethylene bridged hybrid particle (BEH) C 18 column (50 mm Â 2.1 mm, id, 1.7 mm, Waters, Wexford, Ireland). The column temperature was maintained at 30 C. The mobile phase consisted of A (0.1% aqueous formic acid, v/v) and B (acetonitrile) and the gradient elution was: 0-2.0 min, Fig. 1 The chemical structures of (A) daucicoline, (B) daurisoline, (C) dauricine and (D) the internal standard, carbamazepine.
isocratic elution with 92% A; 2.0-4.0 min, linear elution changing from 92% to 80% A; 4.0-7.0 min, linear elution changing from 80% to 50% A; 7.0-10.0 min, linear elution changing from 50% to 20% A, then the system was quickly returned to the initial concentration of A (92%, v/v). This was followed by an equilibration period of 4 min prior to the injection of the next sample. The ow rate was set at 0.3 mL min À1 . The temperature of the autosampler was kept at 4 C and the injection volume was 5 mL.
The MS was operated in the positive ESI mode with multiple reaction monitoring (MRM) resolution. High purity nitrogen was used as both a nebulizing and drying gas. The MS/MS setting parameters were as follows: capillary voltage 3.0 kV, source temperature of 150 C and desolvation temperature of 350 C, and desolvation and cone gas at a ow rate of 700 L h
À1
and 150 L h À1 , respectively. Because MRM transitions, cone voltage and collision energy varied with different analytes, the MRM transitions, cone voltage and collision energy were optimized for each analyte (Table 1) .
Preparation of standards and quality control samples
Stock solutions of daucicoline, dauricine and daurisoline, were prepared in acetonitrile-water (1 : 1, v/v) at the concentrations of 0.11, 0.18, 0.15 mg mL À1 . Then, an appropriate amount of the three stock solutions were mixed and serially diluted with acetonitrile-water (1 : 1, v/v) into a linear concentration of solutions which were then used as the standard mixture working solutions. Stock solution of the internal standard (carbamazepine) was prepared in methanol at the concentration of 0.10 mg mL À1 . Then, an appropriate amount of the internal standard stock solution was diluted with acetonitrilewater (1 : 1, v/v) to give a concentration of 50 ng mL À1 to be used as the internal standard solution. All solutions were stored at 4 C and brought to room temperature before use.
Calibration standards were freshly prepared in a glass tube by evaporating 100 mL of the standard mixture working solutions to dryness with nitrogen (N 2 ) and then thoroughly mixing with a 100 mL of blank plasma, urine or fecal homogenates. The concentration range of the calibration standards are shown in Table 2 . Quality control (QC) samples were prepared independently in the same way as the calibration standards, and the concentrations are shown in Table 3 .
Preparation of plasma, urine and feces samples
Aer thawing the biological samples (plasma, urine and feces) at room temperature, a conventional protein precipitation (PPT) method was applied for the sample preparation.
2.5.1. Preparation of plasma samples. An aliquot of 20 mL internal standard solution was rst pipetted into a glass tube and then evaporated to dryness under a gentle stream of N 2 at 40 C. Plasma sample (100 mL) were transferred to the tube. The mixture was vortex mixed for 1 min and then 300 mL acetonitrile was added. Aer vortex mixing for 3 min and centrifuging for 10 min at 15 000 rpm, the supernatant was collected and evaporated to dryness under a stream of N 2 at 40 C. The residue was reconstituted in 100 mL of 50% aqueous acetonitrile. Finally, a 5 mL aliquot of supernatant was injected into the UPLC-ESI-MS/MS system in the partial loop mode.
Preparation of urine samples.
Protein precipitation of 100 mL urine samples was carried out using 500 mL of acetonitrile. The other steps were the same as for the plasma sample preparation. View Article Online 2.5.3. Preparation of feces samples. 0.1 g of feces were pulverized with a pestle and mortar, and then homogenized in methanol (500 mL). The homogenized feces sample was processed in a similar manner as the urine samples.
Method validation
The analytical methodology was validated according to the guidelines set by the United States Food and Drug Administration (FDA) for bioanalytical method validation. The method was validated according using linearity, selectivity, precision and accuracy, recovery and stability. 25 2.6.1. Selectivity. The selectivity of the method was investigated by analyzing the six individual blank biological samples (plasma, urine and feces), the blank biological samples spiked with the three analytes at the lower limits of quantication (LLOQs), the internal standard, and the actual samples of plasma, urine and feces taken at 120 min aer oral administration of the MR capsules.
2.6.2. Linearity and limit of quantication. To evaluate linearity, the calibration curves consisted of eight concentration levels and each concentration were prepared and assayed in duplicate over three consecutive days. The calibration curves were constructed by plotting the peak-area ratio (y) of analytes to the internal standard versus biological sample (plasma, urine and feces) concentrations (x) of analytes using a 1/x 2 weighted least-squares linear regression model. The limits of detection (LOD) and quantication (LOQ) were determined at the lowest detectable and quantiable concentrations of the calibration curve. The signal-to-noise ratio (S/N) was not <3 for a LOD (S/N $ 3) and <10 for LOQ (S/N $ 10). The acceptance criteria were AE15% deviation from the nominal value for all levels, except at the lower limit of quantication, which was set at AE20%. 2.6.3. Precision and accuracy. The precision and accuracy were evaluated using the analysis of QC samples at three concentration levels in six separate runs on the same day for intra-day and on three consecutive days for the inter-day accuracy variation. The accuracy was demonstrated as the relative error (RE) of the measured mean value deviated from the nominal value, and the precision was demonstrated as relative standard deviation (RSD) of the measured concentration. The RSD determined at each concentration level was required to not exceed 15% and RE was to be within AE15%.
2.6.4. Extraction recovery and matrix effect. The extraction recovery for the three analytes and internal standard was measured by comparing the peak areas of the analytes and internal standard in pre-extraction spiked biological samples with those in post-extraction spiked biological samples at an equivalent concentration. The matrix effects were evaluated by comparing the peak areas of the analytes obtained from the post-extraction spiked samples with those obtained from the pure reference standard solutions at the same concentration. Both the extraction recovery and the matrix effect were determined at three levels, whereas for the internal standard the recovery and matrix effect were determined at a single concentration of 50 ng mL À1 by analyzing six samples at each concentration level. The results were expressed as mean AE standard deviation (SD). 2.6.5. Stability experiments. The stability of all analytes in plasma, urine and feces was evaluated by assaying six replicates of the QC samples at three concentration levels.
For freeze-thaw stability, the QC samples were stored at À20
C for 24 h and thawed at room temperature which was one cycle. Aer three freezing and thawing cycles, the concentrations of the analytes and internal standard were determined. For short-term room temperature stability, the QC samples were thawed at room temperature and kept at room temperature for 12 h prior to analysis. For long-term stability, the QC samples were kept at the storage temperature (À20 C) for one week. For post-preparation stability, the extracted QC samples were stored in the auto-sampler (4 C) for 12 h. The stock solutions' (analytes and internal standard) stability was determined at 0, 5, 10, and 15 days. 2.6.6. Carryover test. To conrm that carryover had no impact on the accuracy and precision of the proposed method, the carryover effect was determined in each analytical run by injecting two blank plasma samples immediately aer the injection of an upper limit of quantication (ULOQ) sample. The outcomes of the carryover effect should be no more than 20% for the analytes and 5% for the internal standard. The typical chromatograms of the carryover test are shown in Fig. S1 (ESI). † 2.6.7. Dilution test. To appraise the dilution process, six duplicates of diluted QC samples were analyzed, which were prepared at a concentration above the upper limit of the quantication sample level and diluted 10-fold to a concentration within the calibration curve range. The RSD determined at each concentration level was required to not exceed 15% and the RE had to be within AE15%. The results of the dilution test are shown in Table S1 (ESI). †
Plasma pharmacokinetics
The validated UPLC-MS/MS method was applied to a pharmacokinetic study of the three alkaloids in rats aer single oral administration of MR capsules. Male SD rats (260 AE 20 g) used for this experiment were supplied by the Experimental Animal Center of Shenyang Pharmaceutical University (Shenyang, China). The rats were housed in a temperature controlled room at ambient temperature (about 25 C), humidity of 55-60%, with a 12 h light-dark cycle. Animal experiments were carried out in Table 4 Intra-and inter-day precision, accuracy, extract recovery and matrix effect of daucicoline, dauricine, daurisoline and internal standard in different matrices (n transferred into a clean tube and stored at À20 C until analysis.
The plasma concentration of the three analytes at different times was calculated from the daily calibration curve, which was expressed as mean AE SD. The plasma concentration of the three analytes versus time data for each rat and the pharmacokinetic parameters [time for maximal concentration (T max ), maximum concentration a drug achieves aer dosage (C max ), half-life (t 1/2 ), area under the curve (AUC (0-t) and AUC (0-N) )] were calculated using non-compartmental analysis using the DAS 2.0 pharmacokinetic program (Chinese Pharmacological Society).
Excretion study
The previously described UPLC-MS/MS method was also suitable for use for the excretion study of urine and feces. For urinary and fecal excretion study, six rats were given a single oral dose of 2.5 g kg À1 MR suspension (equivalent to 13.25 mg kg À1 of dauricine, 9.17 mg kg À1 daurisoline, 0.50 mg kg À1 daucicoline) using the same preparation method as described previously. Aerwards, the rats were individually placed in stainless-steel metabolic cages, which allowed the separate collection of urine and feces. 
Results and discussion
3.1. Method development 3.1.1. Optimization of mobile phase and MS parameters. The selection of the mobile phase is important for achieving ideal chromatographic behavior. The composition of the mobile phase was optimized to enhance the sensitivity and achieve symmetrical peak shape and proper retention time for the analytes. In this study, acetonitrile-water and methanolwater systems were studied. Acetonitrile, rather than methanol, was selected as the organic portion of the mobile phase because it provided a higher mass spectrometric response, higher resolution and lower background noise. Formic acid was added to the mobile phase to improve peak tailing and enhance the sensitivity by improving the protonation of the analytes in the ESI. Finally, the mobile phase was optimized as acetonitrile/ 0.1% formic acid solution using a gradient elution.
To obtain better responses for each analyte and the internal standard, the MS conditions were optimized using the corresponding standard solutions. As they are all nitrogen compounds, the results showed that the ionization of all the analytes and internal standard were more efficient in the positive mode. Thereby, intense and stable protonated molecular ion peaks, [M + H] + , were obtained for daucicoline, daurisoline, dauricine and carbamazepine (internal standard) at m/z 597.2, 611.2, 625.2 and 237.4, respectively. Then these precursor ions were used to obtain product ion spectra. The parameters of cone voltage and collision energy were optimized for the MRM mode and the other parameters were adopted for the recommended value of the instrument. Therefore, the most sensitive response was obtained for MRM Fig. 3 The mean plasma concentration-time curves of daucicoline (A), daurisoline (B) and dauricine (C) in rat plasma after oral administration of MR capsules.
transitions
3.1.2. Optimization of sample pretreatment. Sample pretreatment is an important part of the LC-MS/MS quantitative assays. The PPT, liquid-liquid extraction (LLE) and solid-phase extraction (SPE) methods were commonly used for sample preparation. The SPE method has the disadvantages of being time-consuming and having a high cost. In order to extract the analytes and internal standard from the plasma, urine and feces samples, both protein precipitation and the LLE method were taken into consideration in this study. The LLE method using ethyl acetate, dichloromethane extraction and their mixture resulted in low extraction recovery. Thus, the PPT method was chosen as being the best method to process the plasma, urine and feces samples. Both acetonitrile and methanol were investigated as precipitation reagents. The results indicated that the samples treated with acetonitrile showed lower background, less interference and high extraction recovery of the three alkaloids. The volume of acetonitrile (200, 300, 400, 500, 600 mL) was further investigated, and 300 mL of acetonitrile was chosen as the precipitation reagent for the plasma sample and 500 mL acetonitrile was used for urine and feces samples.
3.1.3. Selection of internal standard. According to the selection principle of internal standard, any internal standard used in biological analysis should be a compound which is similar to the analyte in terms of retention time and structure. Three types of nitrogen compounds: nitramine, villa ramie and carbamazepine, were investigated. The result showed that carbamazepine was best suited as the internal standard, because it had the appropriate chromatographic behavior, relatively strong MS response under positive ion mode and higher extraction efficiency.
Method validation
3.2.1. Selectivity. The analytes and internal standard could be effectively separated and no endogenous interference or crossinterference was observed at the retention time of the analytes or the internal standard. The typical MRM chromatograms of blank bio-samples, blank bio-samples spiked with the analytes and internal standard, and bio-samples aer oral administration of the analytes are shown in Fig. 2. 3.2.2. Linearity. The calibration curves, correlation coefficients and linear ranges of the three analytes in plasma, urine and feces are listed in Table 2 . A good linearity was exhibited when the correlation coefficients (R) were all higher than 0.99. The LLOQs of daucicoline, daurisoline and dauricine were 3.0, 5.0 and 5.0 ng mL À1 in plasma, respectively, and 1.5, 2.5 and 2.5 ng mL À1 in urine and feces samples, respectively. The LODs for daucicoline, daurisoline and dauricine were 1.0, 1.5 and 1.5 ng mL À1 in plasma, urine and feces sample, respectively.
Precision and accuracy.
The intra-and inter-day precision of the three analytes in plasma, urine and feces were determined with using the QC samples at three concentration levels ( Table 4 ). The RSD of the precision ranged from 2.9% to 10.3% for the intra-day and from 3.7% to 10.7% for the inter-day precisions, whereas the accuracy ranged between À4.6% and 10.7%. The results indicated that the values were all in the acceptable ranges for working with biological media.
3.2.4. Extraction recovery and matrix effect. The extraction recoveries and matrix effects of the three analytes and internal standard are summarized in Table 4 . The mean extraction recoveries were all in the range from 78.3% to 93.2% in plasma, urine and fecal matrices. The matrix effects of all the analytes and internal standard were found to be within the acceptable range, with a range of 93.2-115.3% in different matrices. All the previous results suggested that the method was applicable for the determination of the three analytes in plasma, urine and feces.
3.2.5. Stability experiments. The results of stability (Table 5 ) indicated that all the analytes were stable in the extracted plasma, urine and feces samples aer standing in an auto-sampler (4 C) for 12 h (RE: À7.3% to 10.8%, RSD < 11.0%), or in these matrixes before extraction under different conditions, such as 12 h at room temperature (RE: À6.6% to 11.0%, RSD < 11.2%), three freeze-thaw cycles (RE: À3.6% to 10.9%, RSD < 10.7%) and longterm (one week) in a freezer at À20 C (RE: À2.6% to 10.8%, RSD < 10.8%). The results of stock stability showed that the stock solutions (the three analytes and internal standard) were stable for up to 15 days (RE: À7.3% to 2.5%, RSD < 6.5%). 3.2.6. Carryover test. No corresponding peak at the retention time of analytes and internal standard was found in blank samples injected immediately following the analysis of the ULOQ sample (Fig. S1, ESI †) , which indicated that the carryover effect in this proposed approach was absent.
3.2.7. Dilution test. It was shown (Table S1 , ESI †) that the RSD values of 1/10 dilution specimens for every analyte were below 7.1%, whereas the RE results were within 5.2%. All the results were within the acceptance criteria.
Pharmacokinetics
The plasma concentrations of three active components following oral administration of MR capsules at a dose of 2.5 g Fig. 4 Mean urinary and fecal cumulative excretion curves of daucicoline (A), daurisoline (B) and dauricine (C) in rats after oral administration of MR capsules (2.5 g kg À1 ; n ¼ 6 for male rats; each point represents mean AE SD).
kg À1 in rats were successfully determined by the validated method. The mean plasma concentration-time proles of the three analytes are presented in Fig. 3 and the pharmacokinetic parameters were calculated using DAS 2.0 soware with noncompartmental analysis and the results are listed in Table 6 . As shown in the results, the three alkaloids (daucicoline, dauricine, daurisoline) exhibited similar plasma concentration-time plots because of their similar chemical structures, where the basic parent structure was dibenzyl tetrahydroisoquinoline. A double-peak phenomenon of the three alkaloids was observed in the rats' specimens. They all achieved the rst maximum plasma concentration between 15-30 min postdose. But the larger difference occurs at T max of the second peak. The second peak appears around 11 h for daucicoline, and less than 7 h for daurisoline and dauricine. Some researchers have previously conducted pharmacokinetic studies on daurisoline, and the results described in this paper are basically consistent with those found in the literature. 26 In the study of pharmacokinetics of traditional Chinese medicine, the double peak phenomenon was a common phenomenon. It has been reported that the main reason for abnormal double-peak phenomenon of dauricine in vivo was the stomach-intestine circle. 27 The emergence of the second peak of the plasma concentration-time curve was the equivalent of an "autogenous drug" process, which can affect the intensity of drug action and the elimination process. 28 The retention time of the three compounds in rats was longer, which may be related to the occurrence of the double-peak phenomenon. The study of the double-peak or multimodal phenomenon can provide the basis for the formulation of a more careful drug delivery program.
Excretion
Aer oral administration to rats of MR capsules at a dose of 2.5 g kg À1 , the cumulative excretion results of the analytes in rat urine and feces are displayed in Fig. 4 . In urine, it could be concluded that the three analytes were mainly excreted during 120 h aer oral administration. Compared with the dosing, total recoveries of the three compounds in urine within 120 h were about 0.71% for daucicoline, 0.20% for daurisoline, 0.18% for dauricine. Low recoveries of the three analytes in urine indicated that few unconverted forms were excreted in the urine. The cumulative excretion of the three compounds in feces within 120 h were about 29.5% for daucicoline, 19.8% for daurisoline, 14.9% for dauricine. It could be concluded that there was signicant increase for the three alkaloids in fecal excretion aer 12 h, and the speed of excretion continued to accelerate within 12 h to 36 h. Then the fecal cumulative excretion of the analytes reached a plateau at 48 h aer dosing. These results indicated that fecal excretion was the dominant excretion pathway. It has been reported previously 26 that dauricine was excreted mainly in feces. The results of this study were consistent with the results of the report in the literature. As far as is known, the excretion characteristics of daucicoline and daurisoline were investigated for the rst time in this research.
Conclusions
This research is the rst demonstration of a UPLC-MS/MS method that was validated for the simultaneous determination of three main alkaloids (daucicoline, dauricine, and daurisoline) of MR capsules in rat plasma, urine and feces. The analytical procedure was successfully applied to pharmacokinetic and excretion studies of the analytes aer oral administration of MR capsules. The pharmacokinetic data showed that the plasma concentration-time plots of the three alkaloids exhibited a similar double-peak phenomenon. The excretion data suggested that the three analytes were mainly excreted by feces. The previously described results will be helpful for the further investigation of the mechanism of action of the active ingredients in MR capsules and may provide a useful tool for the clinical application of the formulation of MR capsules.
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